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Preface 
The following chapters describe the two and a half year undergraduate research 
efforts of Brian P. Markelz, Christopher B. Crowell, and M. Casey Flanagan. All of the 
work has been conducted under the constant mentoring of Dr. Brad Goodner with 
occasional expertise as lent by other University of Richmond faculty members (Dr. 
Krista Fischer-Stenger, Jeff Elhai, and Wan-Ling Chiu). Over this time period we have 
explored a variety of questions pertaining to the organism Agrobacterium tumefaciens. 
These explorations have produced published material, complete but unpublished 
results, as well as ongoing experiments, all of which is included in the following 
chapters. 
A. tumefaciens is a plant pathogen and causative agent of Crown Gall Disease, an 
ailment that results in the development of tumors in plants. It is a unique organism in 
that it is the only known non-viral pathogen that transfers its DNA into the host cell. 
Consequently, the majority of the research conducted on A. tumefaciens investigates its 
mechanism of infection. However, A. tumefaciens is also rare to the bacterial world in 
that its genome is comprised of two chromosomes: one circular and one linear. Most 
other bacteria only have one circular chromosome. This area of research has been 
grossly overlooked and therefore became the topic of our undergraduate research. 
The first question we began to answer was whether or not A. tumefaciens really 
had two chromosomes. Published maps of the A. tumefaciens' genome included 
discrepancies as to the composition of the bacteria's genome. Some papers suggested 
the presence of only one large circular chromosome while others maintained that a 
circular and linear chromosome do exist. Chapter 1 describes the methods and analysis 
that has led our lab to conclude that there are in fact two chromosomes in A. tumefaciens. 
In addition, this chapter contains the relative location of several important biosynthetic 
pathways. 
From these results we were poised to embark on the daunting task of sequencing 
A. tumefaciens' entire genome. During this effort we have stumbled upon many 
interesting putative genes that has lead us to our current topics of research. One 
particular putative gene, parB, showed tremendous homology with bacterial genes 
responsible for the segregation of chromosomes during cell division. Given A. 
tumefaciens' unique genome structure we believe that studying how the bacterium 
segregates each of its chromosomes is a worthwhile endeavor (Chapter 2). 
Another putative gene has shown homology with cellular invasion proteins. 
Recent studies have also indicated that A. tumefaciens has the ability to infect 
immunocompromised humans. Furthermore, many close relatives of A. tumefaciens 
have been known to infect phagocytic cells. These facts have led us to investigate 
whether or not A. tumefaciens can invade and survive within mammalian macrophages 
and fibroblasts (Chapter 3). 
Introduction 
This work embodies a series of 
projects, the first of which was begun in the 
spring of 1998. Like so much scientific work, 
our initial question arose from discrepancies 
between two sets of published data. This 
introduction will attempt to give some 
background about bacterial genomes in terms 
of chromosome organization. In addition, the 
major discrepancy leading to the questions 
raised in Chapter One will also be discussed. 
All bacteria contain deoxyribonucleic 
acid or DNA This DNA, as in most 
organisms, acts as a message or set of 
instructions needed to construct many of the 
proteins the bacterium needs for survival. 
Proteins derived from the original DNA 
Figure la. Model 
demonstrating the 
typical chromosome 
organization in 
bacteria. Genes 
coding for proteins are 
organized in a circular 
fashion. Each gene is 
composed of a series 
of nucleotides 
(A.C,G, 1) organized in 
a double helix. 
GeneA GeneB 
messages contained within the bacterium control nearly all of the metabolic activities of 
the bacterium. Typically each protein required for life is derived from its own stretch of 
this DNA called a gene. There are many such genes required for life and they are 
arranged together in long stretches of DNA called chromosomes (Fig. la). 
In humans and other animals chromosomes are 
arranged in a linear fashion having two separate and 
distinct ends. The typical model of bacterial 
chromosome arrangement was first presented in work on 
the species Escherichia coli. Electron microscopy as 
well as other techniques were employed to demonstrate 
that E. coli has all of its genes arranged in a single 
circular chromosome as opposed to the linear 
construct found in other organisms (Fig. 2a). This 
~·-· .... ,..- ...... ( ) 
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Autoradlograph Interpretation 
Figure 2a. Experimental evidence that E. coli 
chromosome is organized into a circle. 
Radioactive thymidine ([3H]1) was 
incorporated into the DNA. Whole 
chromosomes were isolated and the radioactive 
molecules exposed X-Ray film (I). 
model was shown to be consistent throughout the many other species of bacteria until 
eventually the paradigm of bacterial chromosome organization became the presence of a 
single circular chromosome. 
Long before the Human Genome Project was conceived, scientists were 
attempting to determine the identity and the location of various genes in specific species 
of bacteria. Again, one of the first species upon which such a project was undertaken was 
Escherichia coli. Briefly, it is possible to selectively mutagenize genes in bacteria. 
Through mating experiments in which the rate of transfer of two or more particular 
mutagenized genes is studied, one can construct crude maps of the genome (2). These 
maps, called genetic maps, were useful for providing a schematic depiction of the 
location of genes on the chromosome relative one another. However, genetic maps are 
limited in that the locations of genes on the map are rough estimates at best. It is 
impossible to relate the frequency of two genes being cotransferred to actual physical 
distance on the map. 
In addition to genetic maps it is possible to create physical maps of chromosomes. 
This involves taking whole genomic DNA and cutting it with what is analogous to 
molecular scissors, called restriction enzymes. Each restriction enzyme is specific for 
exact sequences of DNA meaning that it cuts at the same places of a particular species' 
chromosome every time. Chromosomes can be cut by a particular enzyme and the 
resulting pieces of DNA are separated from each other according to size using an electric 
field. This process known as gel electrophoresis results in a specific pattern based upon 
the particular enzyme used. This discussion of physical mapping is crucial to an 
understanding of the methods we employed in answering our particular question outlined 
below. 
How does the subject at hand, mainly Agrobacterium tumefaciens, fit into this 
discussion of chromosomes and gene mapping? Although stated in Chapter One, it is 
useful here to mention why A. tumefaciens provides an interesting topic for research. 
First, A. tumefaciens has the unique ability to cause tumor formation in plants. These 
plant tumors are morphologically homologous to the tumors found in animal cancers, as 
they are both distinguished by uncontrolled growth of undifferentiated cells. Second, 
these tumors form as a direct result of the transfer of bacterial DNA from A. tumefaciens 
to the plant. Examples of such DNA transfer from a non-viral prokaryote to a eukaryotic 
organism are quite rare. The third reason why A. tumefaciens serves as such an 
interesting organism for study comes with the answer to the question above. 
Retuning to the question stated previously. 
Several groups of researchers have constructed 
genetic maps of the A. tumefaciens genome placing 
genes of interest relative to one another on the maps 
(3,4,5,6). In accordance with the paradigm of 
chromosome structure, these maps were depicted as 
circles with genes placed at various locations 
throughout (Fig. 3a). It was assumed that, like other 
bacterial species, A. tumefaciens has a single circular 
chromosome thus; the maps that were constructed 
reflected that assumption. The research carried out 
in the following chapter stemmed from the discovery 
that the assumption made previously, that A. 
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Figure 3a. Example of one of the original 
genetic maps of the Agrobacterium tumefaciens 
genome (3). 
tumefaciens had a single circular chromosome, was in fact incorrect. 
In 1993, a group of French researchers demonstrated that, in 
fact, A. tumefaciens does have a circular chromosome (7). However, 
what they also demonstrated was that, in addition to having a circular 
chromosome, A. tumefaciens also has a linear chromosome (Fig. 4a). 
From this we arrive at the third reason that A. tumefaciens is such an 
interesting organism for study. The discovery of this second 
Figure 4a. PFGE ofuncut 
A348 genomic DNA 
demonstrating the presence 
of both a circular and a 
linear chromosome (7). 
chromosome certainly diverges from all of the current 
models of chromosome organization. Our research aims 
to answer the following question: "How do we resolve the 
previously published genetic maps of the A. tumefaciens 
genome that show a single circular chromosome with the more recent discovery that A. 
tumefaciens has two chromosomes of different morphology?" 
The answer to this question comes in the form of the published work that follows. 
In it, we combine the genetic techniques of generating and characterizing mutations in the 
A. tumefaciens genome with physical techniques of restriction mapping. The mutations 
we generated were accompanied by the insertion of a new restriction site at the point of 
mutation. What results is a different restriction pattern than that seen in A. tumefaciens 
without any mutation. This different pattern allows for a quantitative determination of 
the distances between genes on the chromosomes, both on the circular and the linear. 
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A combined genetic and physical map oftheAgrobacterium tumefaciens A348 (derivative ofC58) genome was 
constructed to address the discrepancy between initial single-chromosome genetic maps and more recent 
physical mapping data supporting the presence of two nonhomologous chromosomes. The combined map 
confirms the two-chromosome genomic structure and the correspondence of the initial genetic maps to the 
circular chromosome. The linear chromosome is almost devoid of auxotrophic markers, which probably 
explains why it was missed by genetic mapping studies. 
Most of the work on Agrobacterium tumefaciens, since its 
identification as the causal agent in crown gall disease of di-
cotyledonous plants at the turn of the century, has rightfully 
focused on the mechanism of tumor induction (52; for recent 
reviews of all aspects of the disease, see references 2, 10, 23, 39, 
and 58). The virulence mechanism turns out to be unique 
among interactions between prokaryotic pathogens and eu-
some of -3 Mbp and one linear chromosome of -2.1 Mbp (1, 
31). This chromosome organization appears to be a conserved 
trait throughout the genus (32). While multiple chromosomes 
have been found in some other eubacteria (7-9, 43, 54, 57), we 
were interested in the discrepancy between the initial genetic 
maps and the more recent physical mapping data. We hypoth-
esized that the original genetic mapping techniques somehow 
Strain or plasmid 
A. tumefaciens 
A348 
Plasmids 
pUT::Tn5(pfm) 
R68.45 
pG644 
pCP13.101 
pRK290 
pRK2013 
TABLE l. Bacterial strains and plasmids used in this study 
Pertinent characteristics 
Prototrophic biovar 1 strain; C58 derivative cured of pTiC58, with pTiA6 introduced by mating; Rf" 
l'l.pir-dependent replicon carrying a mini-Tn5 derivative with rare restriction sites and a separate 
transposase gene; plasmid confers Ap', and Tn5(pfm) confers Kan' and Cm'; maintained in E. coli 
S17-1 
Broad-host-range conjugable plasmid; confers Cb', Tc', and Kan' 
Cosmid clone of A. tumefaciens chromosomal sequences containing the att gene cluster in pVK102; 
confers Kan' 
Cosmid clone of A. tumefaciens chromosomal sequences containing the eel gene cluster in pCP13; 
confers Tc' 
Broad-host-range mobilizable RK2-based plasmid; parent plasmid to pCP13 and pVK102 cosmid 
vectors; confers Tc' 
Helper plasmid for mobilization of RK2-based plasmids carrying the rlx locus; Co!El replicon; confers 
Kan' 
Reference(s) 
22 
15, 60 
27 
36, 41 
21, 40 
17 
19 
karyotic hosts. Since most of the virulence genes lie on the Ti 
plasmid, the chromosomal complement of A. tumefaciens has 
been relatively understudied. 
missed the linear chromosome. To test this hypothesis, we 
constructed a combined genetic and physical map of the A. 
tumefaciens genome by collecting a large number of transpo-
son-mediated auxotrophic mutations, using a transposon car-
rying rare restriction sites, and then physically mapping the 
transposon insertions by using pulsed-field gel electrophoresis 
(PFGE). Our results confirm the two-chromosome genome 
organization, and we found that almost all the auxotrophic 
markers lie on the circular chromosome. We put forward an 
explanation for the discrepancy between the initial genetic 
maps and the physical mapping data and suggest some hypoth-
eses for the gene organization in this bacterial species. 
Initial chromosomal maps for A. tumefaciens, based on chro-
mosome mobilization and recombination of genetic markers, 
suggested a single circular chromosome (11, 29, 44, 47, 48). 
However, recent physical mapping data strongly suggests that 
/-, tumefaciens has two chromosomes, one circular chroma-
* Corresponding author. Mailing address: Department of Biology, 
Science Center E-105, University of Richmond, Richmond, VA 23173. 
Phone: (804) 289-8661. Fax: (804) 289-8233. E-mail: bgoodner 
@richmond.edu. (Partial results of this work were presented at the 19th An-
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TABLE 2. Biochemical complementation and physical mapping of Tn5(pfm)-induced auxotrophic mutations 
Mutationb Biochemical complementation 
Restriction fragment abolished by Tn5(pfm) 
insertion" and new fragments created (kb) 
Adenine only 
Adenine or hypoxanthine 
Adenine or hypoxanthine 
Adenine or hypoxanthine 
Adenine + histidine 
Adenine + histidine 
Adenine + thiamine 
Adenine + thiamine 
PacI 
He 
A; 760,660 
B; 565,400 
He 
C; 500,290 
A; 1090, 330 
A; 970,450 
H; 230, 20 
Swal 
B; 855, 35 
B; 790, lO'i 
C; 540,231) 
B; 790, 10:i 
A; 825, 30) 
A; 840, 28:i 
B; 780, 115 
B; 820, 75 
ade-101::Tn5Cl 
ade-102::Tn5C2 
ade-103::Tn5Ll 
ade-104::Tn5C3 
aah-101::Tn5C4, C5 
aah-102::Tn5C6 
aat-101::Tn5C7 
aat-102::Tn5C8 
cys-101::Tn5C9 
cys-102::Tn5C10 
glt-101::Tn5Cll, Cl2, C13 
gln-I0I::Tn5C14 
gln-102::Tn5C15 
his-I0I::Tn5Cl6 
ilv-101::Tn5C17, C18 
leu-101::Tn5Cl9, C20, C21 
met-101::Tn5C22 
met-102::Tn5C23, C24 
pan-101::Tn5C25 
Cysteine, thiosulfate, or sulfite 
Cysteine or thiosulfate 
Glutamate or glutamine 
Glutamine 
A; 1265, 155 
A; 1330, 90 
C; 410,380 
A; 1225, 195 
B; 470,425 
A; 725, 40tl 
A; 975, 151 
B; 485,410 
Glutamine A; 1050, 370 A; 845,281 
Histidine A; 1090, 330 A; 840, 28i 
Isoleucine + valine E; 295, 90 He 
pan-I 02::Tn5L2 
prx-101::Tn5C26 
ser-10J::Tn5L3, L4 
ser-102::Tn5C27 
ser-103::Tn5C28 
thi-101::Tn5C29, C30, C31 
thi-102::Tn5C32 
thr-101::Tn5L5 
trp-101::Tn5C33, C34, C35 
trp-102::Tn5C36, C37 
trp-103::Tn5C38 
trp-104::Tn5C39 
ura-101::Tn5C40 
Leucine or a-ketoisocaproate 
Methionine or cystathione 
Methionine or cystathione 
Pantothenate or [3-alanine 
Pantothenate or [3-alanine 
Pyridoxine 
C; 400,390 
A; 1220, 200 
C; 395,395 
C; 470,320 
B; 765,200 
A; 890,530 
A; 970, 155 
A; 710,-415 
A; 1035, 91) 
A; 1070, 5:i 
D; 460,181) 
_d 
Serine, glycine, or threonine 
Serine or glycine 
B; 510,455 
EC 
C; 680, 90 
He 
Serine only A; 1290, 130 B; 565, 3311 
Thiamine C; 530,260 
Thiamine C; 490,300 A; 840, 2s; 
Threonine B; 490,475 _C; 660, llP 
Tryptophan or anthranilate 
Tryptophan only 
Tryptophan only 
Tryptophan or shikimate 
Uracil or orotic acid 
EC 
C; 400,390 
H; 235, 15 
E; 355, 20 
A; 1185, 235 
G; 255, 70 
A; 790, 33'J 
A; 655,471) 
a PacI and Swal restriction fragments are designated by the letters used in the nomenclative system of Allerdet-Servant et al. (1). 
b We used the standard genetic nomenclature except for two novel auxotrophic phenotypes, for which we derived new genetic abbreviations (aah and aat). The C 
or L designation for each insertion indicates its location on the circular or linear chromosome, respectively. 
c We were unable to detect and measure the new restriction fragments due to their small size. 
d -, there was no detectable difference from the wild-type restriction pattern, most probably due to the Tn5(pfm) insertion being too close to the end of a restrictio1 
fragment. 
nual Crown Gall Meeting [24] and at the Microbial Genomes 
III Conference [25].) 
MATERIALS AND METHODS 
Strains, plasmids, and growth conditions. The A. tumefaciens strain and plas-
mids used in this study are described in Table 1. A. twnefaciens cultures were 
grown in a modified Luria-Bertani (LB) medium ( only 5 g of NaCl/liter) at 30°C. 
Screens for A. tumefaciens auxotrophic mutants were carried out in M9 minimal 
medium with sucrose as a carbon source ( 45). The antibiotics carbenicillin, 
kanamycin, rifampin, and tetracycline were used as needed at 50, 50, 20, and 10 
µg/ml, respectively. 
Matings. Donor ( either Escherichia coli or A. tumefaciens carrying a plasmid) 
and recipient (A. tumefaciens) strains were mixed by streaking on a modified LB 
agar plate and incubated at 30°C for 48 h. When necessary (when the donor 
plasmid was a mobilizable pRK290 derivative), a third strain, E. coli carrying 
pRK2013, was included in the mating. The cell mixture was scraped off, resus-
pended in M9 minimal medium without a carbon source, diluted, and plated on 
the appropriate selective medium. 
Mutant isolation and characterization. A. tumefaciens A348 was mated with E. 
coli S17-l/pUT::Tn5(pfm). A. tumefaciens carrying Tn5(pfm) insertions were 
selected ori modified LB medium containing kanamycin [ selective for the pres-
ence of Tn5(pfm)] and rifampin (selective for A. tumefaciens). Single colonies 
were screened for auxotrophy by plating on M9 and modified LB medium. 
Potential Tn5(pfm)-induced auxotrophs were tested on M9 plates with various 
nutrient pools and later supplemented with specific pathway intermediates (13). 
Confirmation of the linkage between Tn5 (pfm) insertion and auxotrophic 
mutation. A. tumefaciens auxotrophic mutant strains were grown overnight at 
30°C in 2-ml cultures. Total genomic DNA was isolated from each strain and 
resuspended at -0.4 to 0.5 µg/ml (16). Approximately 4 to 5 µg (10 µl) of each 
sample was electroporated into competent wild-type A. tumefaciens A348 cell:;, 
and the transformed cells were plated on modified LB medium containing 
kanamycin ( 5). Three days later, the few resulting colonies were picked from 
each transformation and streaked onto modified LB plates containing kanamJ • 
cin, M9 plates containing kanamycin, and M9 plates containing kanamycin and 
the specific nutrient required by the original A. tumefaciens auxotrophic mutant. 
PFGE of intact and digested DNAs. Wild-type and mutant A. tumefaciens 
strains used in physical mapping were grown for 48 h at 30°C in 2-ml cultures. 
Cells were pelleted, suspended in 2% agarose plugs, digested overnight with 
pronase E (2 mg/ml) at 50°C and washed (53). Restriction enzyme digest of 
genomic DNA in the agarose plugs by PacI and Swal (New England Biolabs) 
were carried out at 25°C for 24 h. PFGE was carried out in a contour-clamped 
homogeneous electric field apparatus (Bio-Rad), in 0.5X TBE buffer (45 mM 
Tris, 45 mM borate, 1.25 mM EDTA [pH 8.31). Restriction enzyme digests of 
genomic DNA were electrophoresed through 1 % agarose gels with a ramp of 40 
to 90 s for 22 h at 180 V. Lambda ladder (Bio-Rad) served as size markers. 
Plasmid-mediated mobilization of chromosomal markers. R68.45, a conju-
gable plasmid used in several of the original genetic mapping experiments, was 
mobilized into several A. tumefaciens Tn5(pfm)-induced auxotrophic mutants in 
independent overnight matings with E. coli harboring R68.45. The presence of 
R68.45 in the A. tumefaciens strains was selected by growth on modified LB 
medium containing kanamycin [selective for the presence of Tn5(pfm)], carben-
icillin (selective for the presence of R68.45), and rifampin (selective for A. 
tumefaciens ). A. tumefaciens strains carrying R68.45 were used as donors in 
overnight matings on modified LB medium with recipientA. tumefaciens strains 
harboring different auxotrophic mutations. Transconjugants in which the auxo-
trophic marker of the recipient strain had been replaced by the wild-type coun-
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:-ABLE 3. Physical mapping of Tn5(pfm)-induced mutations with 
unknown auxotrophic requirements 
Mutationb 
:x-101::Tn5C41 
.,a-102::Tn5L6 
aux-103::Tn5C42 
alLX-104::Tn5C43 
aza-J05::Tn5C44 
''LIX-106::Tn5C45 
llLX-107::Tn5C46 
u1X-108::Tn5L7 
:nlX-109::Tn5C47 
,nlX-1 JO::Tn5C48 
aux-111::Tn5C49 
Restriction fragments abolished by 
Tn5(pfm) insertion" and new 
fragments created (kb) 
Paci 
A; 950, 470 
F; 210, 140 
C; 430,360 
C; 470,320 
C; 730, 60 
A; 1290, 130 
A; 1250, 170 
B; 750,215 
C; 540,250 
A; 940,480 
Ac 
SwaI 
A; 1040, 85 
D; 460, 180 
A; 1025, 100 
A; 1070, 55 
A; 655,470 
B; 495,400 
B; 460,435 
C; 440,330 
_d 
B; 820, 75 
B; 640,255 
a Paci and SwaI restriction fragments are designated by the letters used in the 
,omenclative system of Allerdet-Servant et al. (1). 
b The C or L designation for each insertion indicates its location on the circular 
, r linear chromosome, respectively. 
'We were unable to detect and measure the new restriction fragments due to 
: ·eir small size. 
d There was no detectable difference from the wild-type restriction pattern, 
,ost probably due to the Tn5(pfm) insertion being too close to the end of a 
cstriction fragment. 
rpart from the donor chromosome were selected by plating dilutions of a 
1ting mixture onto M9-sucrose medium. 
RESULTS 
Construction of a combined genetic and physical map for A. 
1efaciens A348. To build on the results of Allerdet-Servent et 
. (1), we first repeated their experiments with A. tumefaciens 
348. We obtained identical results for strain A348 (data not 
·own), which differs from strain C58 only by having a chro-
osomal rifampin resistance mutation and a different Ti plas-
1id (22). Next, we devised a strategy for physical localization 
genetic markers with digestions by Paci and Swal, the same 
zymes used in the initial physical mapping experiments (1). 
15(pfm), a minitransposon carrying selectable markers and 
veral rare restriction sites, was introduced by mating into A. 
,·nefaciens A348 (60). From 30 independent matings, approx-
1ately 11,000 kanamycin-resistant colonies were replicated 
unto LB and M9-sucrose minimal media. Of these, 103 were 
identified as Tn5(pfm)-induced auxotrophs. A total of 56 in-
dependently isolated auxotrophs were chosen for further anal-
ysis, with 45 eventually being characterized down to the af-
fected biosynthetic pathway and the remainder having 
unknown requirements (Tables 2 and 3). 
To confirm that the auxotrophy was due to the Tn5(pfm) 
insertion, genomic DNA was individually isolated from a ran-
dom subset of the auxotrophic strains (aah-102::Tn5C6, 
gln-102::Tn5Cl5, met-102::Tn5C23, ser-101::Tn5L4, trp-101:: 
Tn5C34, and aux-102::Tn5L6). Each genomic DNA sample 
was electroporated into wild-type A. tumefaciens A348, and the 
transformants were plated on LB medium containing kanamy-
cin to select for cells in which the transposase-less Tn5(pfm) 
insertion had been recombined into the recipient genome (5). 
Kanamycin-resistant colonies were then screened for coinher-
itance of the proper auxotrophic marker. In all cases, the 
kanamycin-resistant colonies from a given electroporation car-
ried the auxotrophic marker corresponding to the auxotrophic 
strain whose genomic DNA had been used in that electropo-
ration. 
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FIG. 2. Best-fit combined genetic and physical maps of the two A. tumefa• 
ciens A348 chromosomes. The Paci and SwaI restriction fragments are desig-
nated by the letters used in the nomenclature system of Allerdet-Servant et al. 
(1). The locations of all auxotrophic and some prototrophic Tn5(pfm) insertions 
are indicated by their appropriate abbreviations along the outer edge of each 
map. The small SwaI restriction fragments J, K (doublet), L, and M, which were 
previously localized by hybridization (1) to the circular (J, Kl, and L) and linear 
(K2 and M) chromosomes, are not shown on these maps, since we were unable 
to obtain a Tn5(pfm) insertion in any of them. 
Tn5(pfm) insertions were mapped by PFGE of Paci- and 
Swal-digested genomic DNA. Since Tn5(pfm) carries Paci and 
Swal restriction sites, the insertion of the transposon leads to 
an altered restriction pattern compared to the wild type. A 
total of 56 Tn5(pfm)-induced auxotrophic mutations and 28 
prototrophic Tn5(pfm) insertions were mapped (Tables 2 to 
4). The Paci and Swal digestion patterns were consistent with 
single Tn5(pfm) insertions in each mutant and served to iden-
tify the fragments harboring the transposon (Fig. 1 ). 
Essential features of the map. The results of the mapping 
were entirely consistent with the findings of earlier studies 
indicating two independent chromosomes, a 3.0-Mb circle and 
a 2.1-Mb linear structure (1). Furthermore, the restriction en-
zyme digestions of the genomic DNA of the various Tn5(pfm) 
mutants allowed us to order the Paci and Swal fragments on 
each of the chromosomes and to localize a large number of the 
transposon insertions (Fig. 2). Insertions were found on both 
chromosomes. None of the transposon insertions localized to 
the small Swal fragments J, K (doublet), L, M, and N. All but 
one of these small fragments had been assigned to chromo-
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TABLE 4. Physical mapping of Tn5(pfm) prototrophic insertions 
Restriction fragments abolished by Tn5(pfm) 
Insertionh insertion" and new fragments created (kb) 
Paci SwaI 
Tn5C50 A; 1270, 120 _c 
Tn5C51 A; 1150, 270 _ c 
Tn5C52 Ac B; 585,310 
Tn5C53 C; 770, 20 ac 
Tn5C54 A; 1230, 190 BC 
Tn5C55 Ac BC 
Tn5C56 EC He 
Tn5C57 _c Ac 
Tn5C58 cc _c 
Tn5C59 C Ac 
Tn5C60 C BC 
Tn5C61 _c BC 
Tn5C62 _c BC 
Tn5L8 F D; 420,220 
Tn5L9 B; 690,275 D; 560, 80 
Tn5L10 B; 530,435 C; 555, 215 
Tn5Lll B; 510,455 C; 530,240 
Tn5L12 D; 475,235 E; 430, 85 
Tn5L13 F D; 430,210 
Tn5L14 BC D; 410, 230 
Tn5L15 F; 210, 140 D; 195,455 
Tn5L16 BC C; 450,320 
Tn5L17 DC EC 
Tn5L18 BC DC 
Tn5L19 DC EC 
Tn5L20 BC cc 
Tn5L21 C EC 
Tn5L22 _c cc 
"Paci and SwaI restriction fragments are designated by the letters used in the 
nomenclature system of Allerdet-Servant et al. (1). 
b The C or L designation for each insertion indicates its location on the circular 
or linear chromosome, respectively. 
c We did not characterize the insertion further. 
somes earlier by Southern hybridization (1), but we were un-
able to assign specific map positions for them. 
Auxotrophic markers were found for almost all biosynthetic 
pathways, with the major exceptions being the arginine, lysine, 
and praline pathways. Auxotrophic markers are present on 
both chromosomes but predominantly (conservative estimate 
of 37 of 43 loci) on the circle. The essential genes on the 
circular chromosome are widely scattered, with little evidence 
of pathway-specific gene clusters. In contrast, we were unable 
to find auxotrophic markers on over one-third of the linear 
chromosome. This was not due to the lack of Tn5(pfm) inser-
tions in the linear chromosome, since prototrophic Tn5(pfm) 
insertions were found on the two chromosomes at comparable 
frequencies, with 13 hits on the circular chromosome and 15 
hits on the linear chromosome (Table 4). 
Correspondence of the physical-genetic map to previous ge-
netic maps. It seemed reasonable to suggest that the circular 
chromosome recognized by physical mapping and further char-
acterized in this study is the same as the circular chromosome 
from earlier genetic mapping studies. To further anchor our 
physical and genetic map in comparison to previous genetic 
maps, we tested whether a methionine biosynthetic gene used 
in previous genetic mapping studies was the same as any of the 
methionine biosynthetic genes identified by Tn5(pfm) mu-
tagenesis. The chemically induced auxotrophic mutation met6 
had previously been shown to map very close to both the att 
gene cluster, required for initial binding of A. tumefaciens to 
plant cells, and the eel gene cluster, encoding a cellulose bio-
A-
B _ 
C-
D_ 
E-
t;: 
HI: 
JK: 
L -
1 2 3 4 5 6 7 8 
FIG. 1. Example of PFGE of SwaI-digested genomic DNA from A. tumeJ ,_ 
ciens A348 strains carrying Tn5(pfm)-induced auxotrophic mutatio1 ..: 
aux-102::Tn5L6 (lane 1), met-101::Tn5C22 (lane 2), thr-101::Tn5L5 (lane J, 
aux-105::Tn5C44 (lane 4), pan-102::Tn5L2 (lane 5), ura-101::Tn5C40 (lane · ), 
ade-104::Tn5C3 (lane 7), and ilv-101::Tn5Cl8 (lane 8). The positions of · 1e 
wild-type SwaI restriction fragments are shown on the left, in the nomenclat: re 
of Allerdet-Servant et al. (1). Only one wild-type restriction fragment is miss ng 
in each mutant strain. 
synthesis pathway ( 48). Both the att and eel gene clusters hr ve 
been separately isolated from genomic cosmid libraries (-\8, 
41). To determine if the cosmid clones carrying the att anc' eel 
gene clusters also harbored the wild-type met6 gene and 
whether that gene would complement any of our Tn5(pfm)· 
induced methionine auxotrophs, the att gene cluster cosm d 
pG644, the eel gene cluster cosmid pCP13.101, and pRK29 '· 
the parent plasmid on which the cosmids are based (17, 21, 3t), 
were independently mobilized into A. tumefaeiens A348 strai• s 
carrying the auxotrophic mutations met-101::Tn5C22, mt·-
102::Tn5C23, and met-102::Tn5C24. The parent plasmi l 
pRK290 and the att gene cluster cosmid pG644 failed to com 
plement any of the mutations. However, the eel gene cluste: 
cosmid pCP13.101 complemented the met-102::Tn5C23 and 
met-102::Tn5C24 mutations, which have transposon insertions 
at the same location. 
Ability of the circular and linear chromosomes to be mobi-
lized. One possible explanation for the failure of the original 
genetic mapping experiments to detect both chromosomes may 
be a reduced ability of the linear chromosome to be mobilized. 
We used R68.45, the same conjugable plasmid used in many of 
the original genetic mapping experiments, in experiments to 
determine if the circular and linear chromosomes each could 
be mobilized (27). The basic strategy was to mate donor and 
recipient strains carrying different Tn5(pfm) insertions. The 
donor strain also harbored R68.45. Chromosome mobilization 
was determined by selection for recipients in which the 
Tn5(pfm) insertion site of the recipient strain had been re-
placed by its wild-type counterpart from the donor strain (Ta-
ble 5). In a control experiment where the donor (eys-101:: 
Tn5C9) and recipient (cys-101::Tn5C9) strains carried the ex-
act same transposon insertion, no wild-type transconjugants 
were found, as expected. This also showed that Tn5(pfm) in· 
sertions do not revert at a measurable frequency, which makes 
sense since this minitransposon lacks a transposase gene (60). 
In experiments where the donor and recipient strains carried 
different Tn5(pfm) insertions, the circular and linear chroma· 
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TABLE 5. Frequency of R68.45-mediated-mobilization and 
recombination of markers on the circular and linear chromosomes 
Autation in donor 
strain carrying 
R68.45" 
cys-101::Tn5C9 
gln-102::Tn5C15 
trp-101::Tn5C33 
aux-108::Tn5L7 
cys-101::Tn5C9 
gln-102::Tn5C15 
trp-101::Tn5C33 
aux-108::Tn5L7 
cys-101::Tn5C9 
cys-101::Tn5C9 
cys-101::Tn5C9 
Mutation in 
recipient strain" 
cys-101::Tn5C9 
cys-101::Tn5C9 
cys-101::Tn5C9 
cys-101::Tn5C9 
thr-101::TnSLS 
thr-101::Tn5L5 
thr-101::Tn5L5 
thr-101::Tn5L5 
aux-108::Tn5L7 
gln-102::TnSCIS 
trp-101::Tn5C33 
Frequency of wild-type 
transconjugants per 
recipient cell 
<2.3 X 10- 9b 
6.0 X 10- 6 
1.5 X 10-s 
4.2 X 10- 6 
1.3 X 10- 6 
4.6 X 10- 6 
1.3 X 10- 6 
8.3 X 10-s 
4.6 X 10-7 
7.7 X 10- 6 
<4.1 X 10- 9b 
a The C or L designation for each insertion indicates its location on the circular 
or linear chromosome, respectively. 
b No transconjugants were recovered, and so the number given is an estimate 
of the upper limit possible. 
somes were mobilized at comparable frequencies. The only 
exceptions were cases in which the auxotrophic markers in the 
donor and recipient strains were near each other on the same 
chromosome (tlp-J0J::Tn5C33 x cys-101::Tn5C9, cys-101:: 
Tn5C9 X trp-101::Tn5C33, and aux-108::Tn5L7 X 
thr-101::Tn5L5). 
DISCUSSION 
We were able to confirm the two-chromosome genome or-
ganization in A. tumefaciens by constructing a combined ge-
netic and physical map of the circular and linear chromosomes 
(Fig. 2). A strong case can be made that the circular chromo-
s01,· ~ is the chromosome on which previous genetic maps are 
ed. The previous genetic maps are congruent with one 
nother and are consistent with a circular chromosome (11, 29, 
14, 47, 48). Furthermore, the chvAB genes, encoding enzymes 
involved in extracellular 13-glucan production, had been placed 
on one of the genetic maps and were later shown in the initial 
physical mapping to hybridize to PacI fragment A and SwaI 
fragment A of the circular chromosome (1, 11, 18). Finally, we 
were able to prove that the met6 gene, located on one of the 
genetic maps, is the same as one of the methionine biosynthetic 
genes we physically localized to the circular chromosome (48). 
We can rule out some explanations of why the genetic map-
ping approaches missed the linear chromosome. First, the 
chromosome mobilization experiment shows that genetic 
markers on the linear chromosome can be mobilized by R68.45 
at frequencies comparable to those for markers on the circular 
chromosomes (Table 5). This shows that the linear chromo-
some is not recalcitrant to conjugation-based mobilization due 
to its topology. Second, we found prototrophic Tn5(pfm) in-
sertions at similar frequencies for both chromosomes. This 
discounts the possibility of transpositional bias between the 
chromosomes. Therefore, we are left with a simple but intrigu-
ing hypothesis. Since the genetic mapping approaches mainly 
used auxotrophic markers and we found that virtually all such 
markers (-86%) lie on the circular chromosome, it is possible 
that the small collections of auxotrophic strains used for the 
genetic maps do not contain any examples of mutations on the 
linear chromosome. We believe that this hypothesis is robust 
based on the large number of independent auxotrophic mark-
ers, both characterized and uncharacterized, that we physically 
mapped. The fact that some biosynthetic pathways (arginine, 
J. BACTERIOL. 
lysine, phenylalanine, pro line, and tyrosine) are not repre-
sented in our collection is not worrisome, since it is possible to 
find such auxotrophic markers for these pathways in A. tume-
faciens and since several of these markers were mapped to the 
circular chromosome by purely genetic approaches (11, 29, 44, 
47, 48). 
The paucity of auxotrophic markers on the linear chromo-
some brings up the question of the origin of the two-chromo-
some state in this genus (32). If the current chromosomes 
resulted from a splitting of a single ancestral chromosome, one 
might expect those two chromosomes to have similar densities 
of auxotrophic markers. To see if this is true for single chro-
mosome genomes, we looked at the distribution of putative 
auxotrophic markers (i.e., genes involved in amino acid, cofac-
tor or vitamin, and nucleotide biosynthesis that, when mutated, 
would lead to auxotrophy) in the published genomic sequences 
of several members of the Eubacteria and Archaea (3, 4, 14, 20, 
33, 35, 37, 51, 56). In the genomes analyzed, auxotrophic mark-
ers are rarely separated by more than 100 kbp, with the largest 
gap being less than 300 kbp. An even better comparison is the 
recent low-resolution sequencing of approximately one-third 
of the -0.9-Mb chromosome II of Rhodobacter sphaeroides 
2.4.lT (8, 9, 54). Putative auxotrophic markers were found at a 
density slightly lower than but comparable to that for the 
single-chromosome genomes. In contrast, we found only six 
auxotrophic markers on the 2.1-Mbp linear chromosome of A. 
tumefaciens, with approximately one-third of the linear chro-
mosome being devoid of such markers. As detailed genetic 
maps or complete genomic sequences become available for 
other species with multiple non-homologous chromosomes, 
such as Brucella melitensis (31, 43), Burkolderia (formerly 
Pseudomonas) cepacia (7), and Vibrio cholera (57), it will be 
interesting to see if they show asymmetry in the distribution of 
auxotrophic markers between their chromosomes. 
One hypothesis to explain the lack of auxotrophic markers 
on one-third of the linear chromosome is a bias against 
Tn5(pfm) jumping into this region due to a different base 
composition. The only data we obtained that can address this 
idea is the distribution of randomly chosen prototrophic 
Tn5(pfm) insertions. Of 15 such insertions on the linear chro-
mosome, 4 mapped to the region lacking auxotrophic markers 
(Table 4). This number closely matches that expected for ran-
dom insertion of the transposon. While this small data set 
cannot disprove the hypothesis, it is highly suggestive that 
transpositional bias is not the cause of the asymmetrical dis-
tribution of auxotrophic markers on the linear chromosome. 
An alternative hypothesis is the acquisition or evolution of a 
large cluster of nonessential genes either on the ancestral chro-
mosome before the split into two chromosomes or on the 
linear chromosome after the split. For example, the linear 
chromosome may contain a large gene cluster specifically in-
volved in the interaction of A. tumefaciens with plant tissue. 
This is seen in several animal pathogens, where many virulence 
genes are clustered into "pathogenicity islands" (28, 38). Of 
the known A. tumef aciens chromosomal virulence genes, only 
the chvAB operon, the att gene cluster, the eel gene cluster, and 
the ros gene have been mapped, and all are located on the 
circular chromosome (1, 11, 48). To further test this hypothe-
sis, the other known chromosomal virulence genes and non-
virulence genes implicated in the plant-microbe interaction 
need to be localized on the physical map (6, 26, 30, 34, 42, 46, 
49, 50, 55). 
Ultimately, a fuller understanding of the genetic structure 
and role of the two chromosomes in the ecology of A. tumefa-
ciens will require genomic sequencing. We have initiated such 
an effort for the -710-kbp Pacl fragment D of the linear 
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chromosome. We hope to verify the real size of the auxotro-
phic marker gap on the linear chromosome. Other benefits will 
include the identification of (i) additional genes that can be 
used for structure-function, evolutionary, and comparative 
genomic studies, (ii) a bacterial telomere, and (iii) genes in-
volved in the interaction of A. tumefaciens with plant tissues. 
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Chapter 1 
b. Additional data not included in published paper 
The Cryptic Plasmid 
Nearly all species of bacteria contain 
small circular pieces of DNA in addition to 
their chromosomes. These pieces of DNA, 
called plasmids, usually contain genes that 
are able to confer additional activities to the 
bacterium, however; they are not required for 
the organism's survival. That is to say that 
the bacterium can still live without the 
PacI 
RP20 RP7 
plasmid. The particular strain of A. tumefaciens used in our experiments, A348, is known 
to harbor two plasmids. The first, called pTi, is responsible for tumor induction in plants 
and has been the focus of considerable study because of its critical role in pathogenicity. 
Very little study has been carried out on the second plasmid, pATC58, appropriately 
called the cryptic plasmid. 
Our mapping techniques located mutations on Pac! fragments K and G and Swal 
fragments F and I. We were unable, however, to characterize these mutations in terms of 
the typical metabolic pathways. Allerdet-Servant et al. demonstrated that these particular 
bands potentially map to the cryptic plasmid. From this we were able to construct a 
crude map of the cryptic plasmid showing the overlaps between several Pacl and Swal 
fragments (Fig. Sa). These results are significant in that they show that there are in fact 
genes on the cryptic plasmid. While the identity of these genes remains unknown, they 
could potentially be unique in their function and thus serve as an area for further 
investigation. 
Chromosome Organization in Other Species and Strains of Agrobacterium 
Agrobacterium tumejaciens is not the only species of Agrobacterium that exists in 
the wild. In addition, the particular strain of A. tumefaciens we used for the previous 
experiments is just one of over ten strains that differ in the plasmids they carry as well as 
the plant molecules to which they respond. In light of this we asked whether the results 
we achieved in the previous experiments could 
simply have been a product of the particular 
strain we used. In other words, were our results 
indicating that there are in fact two 
chromosomes unique because the strain we used 
was unique? To answer this question, we carried 
out a simple PFGE on the uncut DNA of several 
other strains and species of Agrobacterium. We 
found that several other strains of A. tumefaciens 
also produce patterns indicative of the presence of a circular and linear chromosome (Fig. 
6a). These results are also significant in that they demonstrate that the chromosome 
organization in Agrobacterium is conserved over a range of other strains and potentially 
other species (data not shown). 
Introduction 
Chapter 2 
How does Agrobacterium tumefaciens Solve an 
Eukaryotic Problem with Prokaryotic Machinery? 
When cells divide each daughter cell receives identical chromosome(s), both in 
copy number and composition. Mitosis, the process of chromosome segregation in 
eukaroytes, has been studied extensively. In other words, we know how eukaryotic cells 
guarantee that each daughter cell acquires an identical chromosome number. Yet, the 
relatively simple question of how bacteria ensure equal and identical chromosome 
segregation during replication remains largely unanswered. Most scientists originally 
believed that the process of chromosome segregation in bacteria would be a 
straightforward one given that the majority of bacterial species contain only a single 
circular chromosome. Early postulates introduced the theory that the bacterial cell 
membrane played an integral role in stimulating DNA replication and ensuring proper 
chromosomal segregation (1). The theory suggested that the growing cell membrane 
bound the replicating chromosomes and simply pulled them to opposite poles of the 
dividing cell. This hypothesis was dispelled when studies of cell membrane growth 
demonstrated that synthesis of the new cell membrane components was not confined to 
the middle of the dividing cell, but rather occurred heterogeneously throughout the cell 
(2). Thus, there was no possible mechanism for the cell wall to evenly pull the 
chromosomes to opposite poles. While the membrane may be involved in chromosome 
segregation it is now clear that another mechanism is the driving factor in the partitioning 
of the chromosomes. Other postulates have suggested that dividing bacterial cells utilize 
a mitotic-like mechanism to segregate their chromosomes whereby a motor protein pulls 
the chromosomes to opposite poles of the cell along a yet undiscovered cytoskeletal 
track. Little evidence has been generated to support this theory. Current research is now 
focused on homologs of two members of the par gene family: par A and parB. These 
genes have been known to be involved in chromosome segregation in a number of 
bacterial species (3,4,5), yet their specific mechanism of action remains largely unknown. 
What is understood is that ParA is a protein with ATPase activity while ParB has the 
capacity to bind to parS, a 16 bp palindromic sequence (6). Both genes are usually 
located in the vicinity of the organism's origin of replication (oriC) meaning they are one 
of the first genes replicated in a dividing cell. Furthermore, ParA and ParB seem to bind 
as a complex to parS (Figure 1 ). 
Encodes ParA Encodes ParB ParAB Complex 
anATPase fO ~ Binds parS Origin of Replication 
oriC parA parB 
Figure 1. Mechanism of Par A and ParB interaction. 
During our efforts to sequence the genome of Agrobacterium tumefaciens, we 
discovered a gene with considerable homology to parB (Figure 2). A. tumefaciens, a 
known plant pathogen, is unique in the bacterial world as it contains two chromosomes 
with different topologies, one circular and one linear. (Most other bacteria contain only 
one circular chromosome.) It is this distinctive characteristic that makes A. tumefaciens a 
particularly interesting candidate for ParB research. Is there a separate mechanism for 
partitioning of each chromosome during division or is ParB responsible for delivery of a 
copy of both chromosomes to each daughter cell? 
In order to study ParB 's role in the segregation of chromosomes in A. tumefaciens 
we generated a parB disruption mutant and compared its growth and survival against a 
wild type strain of A. tumefaciens. Previous work has indicated that disruption of the 
parB gene causes a 100-fold increase of anucleated cells in Bacillus subtilis (3) and is 
lethal in Caulobacter crescentus (7). These results indicate a different level of ParB 
involvement in chromosome partitioning in these species. We also created aparB-gfp 
fusion in order to investigate the location and movement of the ParB protein during 
chromosome segregation. 
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Figure 2. Homology to Known Chromosome Segregation Proteins. Best fit lineup of partial 
sequence of putative A. tumefaciens ParB with full length sequences for Caulobacter crescentus ParB and 
Bacillus subtilis SpoOJ. Darker shading indicates identities and lighter shading indicates conservative 
similarities. 
Materials and Methods 
PCR Reactions (Figure 3) 
Disruption Mutant 
H20: 33.5 µl 
Buffer: 5 µl 
dNTP: 5 µl 
Template: 1 µl 
Barn Primer: 1 µl 
EcoRV Primer: 1 µl 
DMSO: 2.5 µl 
Taq Polymerase: 1 µl 
GFP Fusion 
H20: 33.5 µl 
Buffer: 5 µ1 
dNTPs: 5 µ1 
Template: 1µ1 
Barn Primer: 1 µ1 
Stu Primer: 1 µ1 
DMSO: 2.5 µ1 
Taq Polymerase: 1 µl 
Each PCR reaction was run under the following conditions: 200 minutes (94 QC) then 
thirty cycles of 30 seconds (94 QC), 30 seconds (55 QC), and 1 minute (72 QC). PCR 
products were stored at 4 QC. 
22 atgctggcggacggttcgctttccgccggtcacgcgcgcgcgctg 
M L A D G S L S A G H A R A L 
67 gtctccacttccgatccggcgactctggcacgcacgattgtttcc 
V S T S D P A T L A R T I V S 
112 aagggactttcggtgcgtgatgccgaacgtctggcgcaaaacgat 
K G L S V R D A E R L A Q N D 
157 atcaaatcgcagggtgagattgctgaaaagcgtccggctggggaa 
I K S Q G E I A E K R P A G E 
202 aaggattctgatacgattgcgctcgaacgcagtctttcagacgct 
K D S D T I A L E R S L S D A 
247 cttggcctcgatgtgaaaatcagccacaagggtggatcggggcag 
L G L D V K I S H K G G S G Q 
292 attcgtatcggttaccgcacacttgaacagcttgaagccgtctgc 
I R I G Y R T L E Q L E A V C 
337 cggctgctggagcagaaataa 357 
R L L E Q K * 
Figure 3. Location and Map of PCR Primers in parB Clone. Underlined sequence represents 
Barn primer, Italicized sequence represents EcoRV sequence, and Bold sequence indicates Stu sequence. 
Ligations 
The disruption GFP fusion was ligated into the plasmid vector pBSKII using standard 
protocols and T4 DNA ligase. 
DNA Purification 
The volume of the sample (x) was measured and 0.lx NaOAC and 2.Sx cold 100% 
ETOH was added. Sample was frozen for 15 minutes and spun at 15,000 rpm for 15 
minutes. The solution was decanted and resulting precipitate was washed in 200 µl cold 
70% ETOH and spun at 15,000 rpm for 5 minutes. Precipitate was dried and 
resuspended in sterile water. 
Transformation into E. coli 
Supercomponent E.coli cells were thawed and 1 µl ofB-mercaptoethanol was added. 
This solution was incubated on ice for 10 minutes. PCR product (5 µl) was added and 
the solution was returned to the ice for 30 minutes. Samples were heat shocked at 54 QC 
for 1 minute and placed in ice for 2 minutes. Finally, 150 µ1 ofNZY+ broth was added 
and the cells were incubated in the 37 °c for 1 hour. Transformed cells were plated on 
LB Amp to select for PBSK insertion. 
Plasmid Isolation 
Protocol followed Bio-Rad Quantum Prep Plasmid Miniprep. Briefly, transformed E. 
coli cells were grown in 3 ml LB media in 37 °c shaker overnight, spun down, and 
resuspended in 200 µ1 cell resuspension buffer. Cells were then subjected to 250 µ1 cell 
lysis solution, 250 µl neutraliztion solution, mixed gently by inverting thetube, and 
centrifuged. The supernatant was transferred to a spin filter and 200 µ1 Quantum Prep 
matrix was added. After centrifuging for 30 seconds the filtrate was discarded, 500 µ1 of 
wash buffer was added, and the filter and wash tube were spun. Filtrate was then 
discarded and the plasmid DNA was eluted in 100 µ1 of water. 
Electroporation into A. tumefaciens 
Electrocompotent A. tumefaciens cells (50 µ1) and plasmid DNA (1 µ1) were thawed on 
ice for two minutes. The mixture was then transferred to an electrocompotent cuvette, 
shocked in the Bio-Rad Gene Pulser Apparatus (25 µF capacitor, 400 ohms, and 2.5 kV 
electrical pulse), and 1 mL MG/L was added (8). The solution was transferred to a 
Falcon tube, incubated in the 30 °c shaker for two hours, and plated on LB. 
Growth Curve 
Single colonies were selected from plates containing the ParB mutant or wild type A. 
tumefaciens and inoculated into 3 ml cultures and grown overnight with constant 
agitation at 30 °c. The two cultures were brought to the same absorbency reading by 
dilution with LB. 50 µ1 of the equilibrated cultures were then added to fresh 3 ml of LB 
or M9 minimal media and their absorbency was immediately read in a spectrophotometer 
at 600 nm. The cultures were placed back into the 30 °C shaker and their absorbency was 
measured approximately every two hours for the duration of the experiment. Aliquots of 
100 µl were taken and plated on LB when the samples reached an absorbency reading of 
.100. 
Results 
Previous studies have shown that eliminating the final 150 amino acids of the 
parB gene was sufficient to prevent ParB from forming a dimer and thus binding to parS 
(9). Therefore we designed a PCR primer that excluded the final 150 amino acids of 
parB. The PCR product was ligated into pBSKII ( conferring Ampicillin resistance) and 
electroporated into Escherichia coli where they could replicate. Ampicillin resistant 
strains of E. coli were selected and their plasmid DNA was purified. Purified pBSKII 
containing a portion of the parB gene was then electroporated into A. tumefaciens and 
ampicillin resistant colonies were selected. However, unlike E.coli, pBSKII cannot 
replicate in Agrobacterium so the only way that A. tumefaciens could have obtained 
ampicillin resistance is through a single crossover (Figure 4). A single crossover also 
resulted in a disrupted parB gene. 
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Figure 4. Generation of ParB Disruption Mutant. 
A similar protocol was followed in order to generate a fusion between our parB 
gene and a gene encoding a Glowing Fluorescent Protein (GFP). The parB gene was 
ligated into pBSKII in the same manner as previously stated. We obtained a plasmid 
containinggfp and cut with Barn/Stu (courtesy of Wan-Ling Chiu). We digested pBSKII 
with Barn/Stu and ligated it with the cut gfp. Again the product of the ligation was grown 
up in E. coli selected for ampicillin resistance, isolated, and electroporated into A. 
tumefaciens. Since this plasmid cannot replicate in A. tumefaciens the only way to confer 
ampicillin resistance is through a single crossover (Figure 5). A single crossover would 
also result in a gene that codes for a normal ParB protein attached to GFP. 
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Figure 5. Generation of parB-gfp Fusion. 
After successfully generating a disruption in the parB gene of A. tumefaciens we 
conducted a growth curve (Figure 6). A spectrophotometer was used to measure the 
absorbency at 600nm. This reading represented the total number of cells present in the 
sample, however the spectrophotometer was unable to discern between live and dead 
cells. The pars- mutant and wild type A. tumefaciens were grown in both rich and 
minimal media in order to investigate whether or not the mutant acted differently when 
placed under some form of environmental stress. 
As evidenced by Figure 6 the parB- strain took considerably longer to divide in 
rich (LB) media. At 11 hours there were approximately half as many parB- cells as there 
were wild type cells. However, after 26 hours the parB- strain had virtually the same 
number of cells as the wild type strain. Still further investigation into the samples 
showed that the tube containing the wild type cells was uniformly turbid indicating that 
live cells were dividing throughout the culture. On the other hand the parB- sample 
began to develop a large pellet at the base of the culture after 10 hours of the growth 
curve. This pellet in all likelihood represented dead or severely mutated cells that fell out 
of solution. Thise data suggests that in rich media a disrupted parB gene results in slow 
growth and an significant increase in dead cells. Yet, it is not a lethal mutation in LB 
because the parB- strain is still producing new cells even after 24 hours. 
When the mutant was grown in minimal media, the disruption in parB was lethal. 
As shown in Figure 6 both the wild type and parB- strains had a difficult time replicating 
in minimal media as compared to their counterparts in rich media. At 10 hours the wild 
type strain finally began to replicate and the absorbency rose accordingly. The parB-
strain however maintained a constant absorbency reading (0.05) throughout the 33-hour 
experiment. Clearly the mutant was not dividing and the only cells present were dead. A 
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small pellet did form at the bottom of this culture confirming the presence of dead cells. 
Figure 6. Growth Curve of ParB -Mutant. 
During another growth curve comparing the growth of Par ff against a PSK.r 
mutant (a mutant that has wild type growth characteristics and morphology) we tested for 
ParB- cell viability. When each strain reached an OD reading of .100, we removed and 
plated an aliquot from each sample (Figure 7). The Parff mutant clearly has a different 
morphology than its PKSr counterpart. Parff cells were consistently smaller in size and 
showed unusual colony morphology in that they contained a light, fuzzy, pale ring around 
a darker yellow center. The PKSr colonies had the consistent yellow color throughout 
the colony typical of wild type A. tumefaciens. 
Figure 7. Morphology Difference in ParB" Mutant. 
A severely altered morphology could also be the cause of the large pellets that 
develop in Parff cultures. A disrupted ParB protein would prevent proper chromosome 
segregation. Sensing the unsuccessful partitioning of the replicating chromosome the A. 
tumefaciens cell could halt cell division. This would result in long filamentous cells. In 
order to test this hypothesis a Gram stain was performed on 3-day-old wild type and 
Parff cultures. Both cultures showed the characteristic gram negative rod morphology of 
A. tumefaciens ( data not shown). Therefore, the pelleted Par ff cells are most likely dead. 
Discussion 
The results of the growth curve clearly indicate that the disruption of the parB 
gene in Agrobacterium tumefaciens severely hampers the cell's ability to properly divide. 
Growth in rich media is initially stunted by the mutation, but given time the colony can 
divide sufficiently and reach the same cell count as wild type. However, the large pellet 
present at the base of the Parff culture hints that while the cells may be able to divide 
without a functioning ParB protein, their division is not efficient and results in an 
increased level of cell death. After disrupting parB one might expect no cells to 
replicate. How can any cell replicate and segregate chromosomes properly without 
sufficient machinery? The only method by which some Parff cells remain viable is 
through the random segregation of chromosomes. Even though the proper partitioning 
equipment is lacking, one can hypothesize that a linear and circular chromosome could 
travel to either pole of a dividing cell by mere chance. However, in M9 medium it 
appears that Parff cells can not even partition chromosomes randomly as the Parff 
mutation proved to be lethal. These organisms clearly could not utilize their environment 
to produce enough energy to overcome their inability to properly segregate their 
chromosomes. 
What remains to be seen is the phenotype of these Par ff mutants. Is there an 
increase in anucleated cells? Is one of the two chromosomes not efficiently segregated? 
At present the parB-gfp fusion has been successfully completed, but we have had little 
success observing the effects in A. tumefaciens. Once we are able to view the parB-gfp 
fusion in A. tumefaciens we will glean ParB's location during chromosome segregation. 
Furthermore, we will be able to see if ParB associates with one or both of A. tumefaciens' 
two chromosomes. This will lead to answering the question of why the pars· disruption 
mutant results in so many dead cells. 
Finally, we plan to use DAPI staining techniques to further investigate the 
chromosome number in Parff daughter cells. DAPI is a chemical that stains DNA. 
When stained wild type cells are run through a flow cytometer one would expect every 
cell to have two chromosomes and thus equal amounts of stain. However, the flow 
cytometer could measure as many as four different levels of stain in the Parff mutants. If 
ParB is responsible for segregating both chromosomes one might expect some cells to be 
a nucleated and others to contain anywhere from one, two, three, or even four 
chromosomes. If ParB is responsible for segregating only one of the two chromosomes 
then the ParB- mutants could have one, two, or three chromosomes. The flow cytometer 
could measure different levels of stain for each of the above possibilities. Finally, since 
the linear and circular chromosomes are different sizes they will no doubt bind different 
amounts of stain. If ParB is involved in segregating only one chromosome then DAPI 
staining will allow us to determine which chromosome ParB is not segregating. All 
Parff cells will contain at least this chromosome and thus a certain level of "background" 
staining will be present. 
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Chapter 3 
Can Plant Pathogenic Strains of Agrobacterium invade Human Cells? 
Introduction 
Agrobacterium tumefaciens is a well-known plant pathogen that is the causative 
agent of crown gall disease in plants. Although this is the most well known pathogenic 
behavior of these bacteria, data over the last 20 years has shown that they are also 
capable of infecting humans. Over 50 cases of human infection by Agrobacterium have 
been reported. The focus of this research is to test the ability of the gram-negative 
bacteria, A. tumefaciens, to act as an opportunistic animal pathogen. 
During the past decade, several groups have preformed comprehensive studies on 
Agrobacterium infections in humans. A study conducted in 1993 at the University of 
Minnesota Department of Medicine reviewed 25 known cases of human infection by 
Agrobacterium (l). Virtually all of the patients were immunocompromised in some way. 
The route of infection was a central venous catheter in 14 cases, and some aspect of 
continuous ambulatory renal dialysis in 5 cases. Most infections resulted in bacteremia, 
septicemia, or peritonitis. The infecting Agrobacterium strains were found to be 
susceptible to most penicillins, tetracycline, most cephalosporins, and several other 
antibiotics, and it was through antibiotic therapy that all of the patients eventually 
recovered from the infections. Another study performed in 1996 at the Universita di 
Bologna in Italy examined 35 cases of Agrobacterium infections. The results were 
consistent with the previous study in that over 90% of the infected patients were 
considered immunocompromised in some way, and they all recovered following 
appropriate antibiotic therapy (2). Finally, a third study performed at Baylor College of 
Medicine in Texas found that an infection caused by Agrobacterium tumefaciens 
mimicked some of the symptoms seen in tuberculosis patients. They suggested that 
Agrobacterium-induced peritonitis might be an under-diagnosed infection (3). These 
studies have led us to believe that Agrobacterium infections in humans are a significant 
occurrence, and worthy of further study. 
During the past year, our lab group has created a complete random library of 
genomic DNA fragments from one particular strain of A. tumefaciens. The clones in this 
library are being sequenced as part of a collaborative project to obtain the complete 
genetic code of the organism. Of the numerous clones sequenced so far, one clone 
showed a 46% homology to a protein sequence in the GenBank database from the genus 
Bartonella, a close relative of Agrobacterium. This protein is called invasion protein B 
(InvB) and is from the species Bartone/la bacilliformis, one of the most lethal animal 
pathogens known. Bartonella and Agrobacterium are also closely related to the genus 
Grahame/la, which infects red cells in mammals (4). In addition to this data, a second 
clone was found upstream from the first that showed significant homology to an 
extracellular serine protease. B. bacilliformis is known to have an extracellular serine 
protease upstream from InvB, although its protein sequence is much different. The serine 
protease found in A. tumefaciens showed significant homology to several known animal 
pathogen proteins. All these findings have lead us to investigate the infectious 
capabilities of A. tumefaciens. Since many close relatives of Agrobacterium are known 
to infect phagocytic and nonphagocytic animal cells, we tested whether Agrobacterium 
tumefaciens could successfully invade and survive within human macrophages and 
fibroblast-like cells. 
Materials and Methods 
Cultures, Mediums, and Growth Conditions 
RAW 264.7 macrophages and L929 fibroblasts were used as the host cells for the 
invasion experiment. These were grown in RPMI 1640 growth medium, which contained 
L-glutamine, minimal amino acids, fetal calf serum, and several antibiotics. Host cells 
were allowed to grow in T-25 fl.asks at 37°C under 5% CO2 aspiration. Cultures were 
split every 2-3 days by irritation of the mono layer with a scraper and transferring the 
medium to a new fl.ask. Medium was also changed every 2-3 days and cultures were 
transferred to a larger T-7 5 flask when cultures became congested. 
Agrobacterium tumefaciens strain A348 and C58 were tested as the invading 
organism. Midway through the experiment, three Agrobacterium strains were obtained 
from three patients suffering from Agrobacterium-associated infections. These were 
tested in the later invasion experiments. Bacterial cultures were grown in LB broth at 
30°C under gentle agitation. 
Phosphate-Buffered Saline (PBS) contained 8 g of NaCl, 0.2 g KCl, 1.44 g 
Na2HPO4, and 0.24 g KH2PO4 in 800 ml ofH 2O (pH~ 7.4). Volume was then brought to 
l.0L. 
Cell Counts and Dilutions 
A. tumefaciens cultures were grown to stationary phase, a cell concentration of 
approximately 109 cells/ml. A 1: 100 dilution was performed to prepare the highest 
infection dose. 100 µl of this culture was added to each well in lanes 1 and 6, giving 
them each 106 cells (See Fig. 1 ). From this culture, two more 1: 10 dilutions were 
performed giving concentrations of 106 and 105 cells/ml respectively. 100 µl of each of 
these cultures was added to lanes 2 & 7 (105 cells) and 3 & 8 (104 cells) (Figure 1). 
Adherent macrophages/fibroblasts were released through irritation with a cell 
scraper. 10 ml of each medium was collected and concentrations were determined by use 
of a hemocytometer under light microscopy. Concentrations of host cells were 
determined to range between 2.2 x 106 cells/ml and 1.83 x 105 cells/ml. A 1 :2 dilution 
was performed and 100 µl of this culture was placed in Rows A & D (105 cells). Two 
more 1: 10 dilutions were performed to create two more cultures. 100 µl of these two 
cultures were placed in Rows B & E (104 cells) and Rows C & F (103 cells) respectively. 
Macrophages were placed in Rows A-C and fibroblasts were placed in Rows D-F (Figure 
1 ). 
1st Host Cell Invasion Experiment 
100 µl of each host cell culture was placed in their designated wells. Then the 
varying concentrations of A. tumefaciens was placed in each their respective wells. The 
64-well microtiter plates were stored at 30°C to present optimum conditions for invasion. 
The three invasions lasted for 1 hour, 2 hours, or 4 hours respectively. After invasion, 
medium was removed leaving adherent macrophages. The well were washed twice with 
PBS (3 7°C) and then incubated with 100 µl of gentamicin (200 µg/ml) for 3 hours at 
37°C. Then, the liquid was removed and the wells were washed twice with PBS. Each 
well was then treated with 100 µl of Triton X-100 (1 % in PBS) for 7-10 minutes. The 
solution was mixed in each well with a pipetter. 100 µl of the solution was then removed 
and plated on solid LB medium. A. tumefaciens colonies were allowed to grow for 24-48 
hours. The colonies from each plate were then counted and recorded. 
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Figure 1. The invasion of RAW macrophages and L929 fibroblasts of arying concentrations with
cultures of Agrobacterium tumefacie11s of varying concentrations. Wells that are shaded the same color are duplicates of one another. 
2nd Host Cell Invasion 
100 µI of each host cell was placed in each well. The concentration of the host 
cells was standard, leaving each well containing 105 host cells. 100 µl of bacteria was 
then added to each well at a constant concentration, leaving 106 bacteria cells per well 
(Figure 2). Rows A thru D were exposed to varying invasion periods ranging from 0-4 
hours (Figure 2). Rows E thru H were exposed to a 2-hour invasion period. At the end 
(' 
V 
of the invasion periods, all cultures were washed with PBS and exposed to 100 µl of 
gentamicin (200 µg/ml) for 3 hours. After antibiotic treatment, Rows A thru D were 
washed twice with PBS, treated with 100 µl of Triton X-100 (1 %) for 5 minutes, and then 
plated on solid LB plates. Rows E th:ru H were subjected to varying survival times in 100 
µ1 of gentamicin ( 10 µg/ml). Times ranged from 1-24 hours (Figure 2). After the 
survival periods, cultures were washed twice with PBS, exposed to Triton (1 %) for 5 
minutes, and then plated on solid LB plates. The bacteria were allowed to grow for 24-48 
hours and then counted. 
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Figure 2. Ability of Agrobacterium t11mefaciens cells to survive within Host Cells. All wells 
contained 106 bacteria and l 05 host cells. Each well was washed for 3 hours with gentamicin (200 µg/ml) 
after invasion. After this rows E thru F had their medium replaced with 10 µg/ml of gentamicin in fresh 
medium. All wells were washed twice with PBS before Triton X-100 treatment. 
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3 rd Invasion 
This invasion experiment followed very similar protocol with the two previous 
experiments. However, surivival time was not assessed, and three new strains of 
Agrobacterium were tested. As in the 2nd invasion experiment, 105 host cells were added 
to each well and 106 bacterial cells were added directly afterwards. Bacterial cells in 
lanes 1, 3, 5, and 7 were allowed to invade for 2 hours while cells in lanes 2, 4, 6, and 8 
were allowed to invade for 12 hours. The same PBS solution was used to wash host cells 
once after invasion and twice after gentamicin treatment. 100 ul of gentamicin of the 
same concentration was used to kill host cells (200u/ml) and 1 % Triton X-100 was used 
to lyse the host cells. 
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Figure 3. Ability of Agrobacterium strains from human patients to invade host cells. All wells 
contained I 06 bacteria and 105 host cells. Each well was washed for 3 hours with gentamicin (200 µg/ml) 
after invasion. Both the invasion portion of the experiment and the antibiotic portion were conducted at 
37°C and 5% CO2 . These environmental conditions were changed because of the ability of the human 
isolates to grow at 37°C. In addition, this provided a more hospitable environment for the host cells. 
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4th Invasion Experiment 
This experiment is in the process of being conducted. Due to the fact that such a 
large number of bacteria were observed from the human isolate strains in the 3rd invasion, 
we decided to perform the 0-hour time point using these strains. Concentrations were the 
same as those used in the 2nd and 3rd experiments. Survival was not tested, and the 
invasion times were 0 and 2 hours. All other conditions were identical to those used in 
the 3rd experiment. However, we also diluted our original bacterial cultures using several 
1: 100 and 1: 10 dilutions in order to determine the exact number of bacteria cells that we 
are using in the invasion. We also plan to dilute our samples after we lyse the host cells 
with Triton X-100 in order to obtain an accurate number of invading cells. 
Results 
1st Host Invasion 
Plates were counted between 24-48 hours after Triton-treated culture samples had 
been plated (Table 1 ). The highest numbers of colonies were observed in wells 
containing the highest initial concentration of bacteria (106). Among these wells, a trend 
was observed among cultures containing macrophages. Higher concentrations of 
macrophages produced larger numbers of bacteria that survived the gentamicin treatment. 
This trend was not as visible among the cultures that contained fibroblasts as their host 
cell. With respect to time allowed for bacterial invasion, the 2 and 4-hour time periods 
yielded significantly higher amounts of bacteria. This may suggest that A. tumefaciens 
can more successfully invade host cells if given a longer invasion opportunity. 
Table 1. Results of 1st Experiment on Agro bacterium tumefaciens Invasion of Macrophage and 
Fibroblasts. Numbers shown for each treatment represent the number of surviving bacteria after 
gentamicin and Triton treatments. Commas separate replicates. 
Host Cell Concentration of Agro 
Concentration 
10"6 10"5 10"4 
10"5 Macrophages 31, 73 6, 12 0,0 
10"4 Macrophages 16,9 4, 1 0,0 
10"3 Macrophages 0, 10 1, 1 4,3 
10"5 Fibroblasts 13, 18 3,6 1, 1 
10"4 Fibroblasts 5,2 0,8 0,0 
10"3 Fibroblasts 1, 11 0,0 0,0 
Time 1 Hour 
Host Cell Concentration of Agro 
Concentration 
10"6 10"5 10"4 
10"5 Macrophages 138,163 19,74 2,2 
10"4 Macrophages 84,44 7,25 1, 0 
10"3 Macrophages 12, 77 1, 3 4,2 
10"5 Fibroblasts 122, 110 4, 7 0,3 
10"4 Fibroblasts 80, 11 6,0 0,0 
10"3 Fibroblasts 93, 17 6, 1 0,0 
Time 2 Hour 
Host Cell 
Concentration 
Concentration of Agro 
10"6 10"5 10"4 
10"5 Macrophages 179,20 151, 19 1 
10"4 Macrophages 20 38, 1 0,0 
10"3 Macrohpages 0 0,0 0 
10"5 Fibroblasts 55,89 2,6 0,0 
10"4 Fibroblasts 14,93 3,4 0,0 
10"3 Fibroblasts 5, 10 0, 17 1, 0 
Time 4 hours 
The control for this 1st invasion period was not well conceived. Our controls 
contained the varying concentrations of bacteria and host cells, but they were not given 
time for invasion to occur. This control was not suitable because more than one variable 
was being altered. Not only were the bacteria not being given a chance to invade, but the 
medium was left in the control wells (bacteria do not form a mono layer so we thought 
this was a decent control). Therefore, the high number of surviving bacteria seen in our 
control group could not provide an adequate comparison for our invasion trials. In the 2
nd 
invasion experiment, we devised a new control that would provide a sound comparison 
for the invasion experiment. Bacteria were placed in wells containing host cells. The 
medium was immediately removed and the wells were treated for 3 hours with 
Gentamicin. This control would allow us to see how many bacteria could survive an 
effective Gentamicin treatment when they are not given time to invade the host cells. 
2nd Invasion Experiment 
In our second experiment, we tried to reproduce our data from the 1st experiment, 
as well as investigate as to whether or not Agrobacterium cells could survive within the 
mammalian host cell. The first half of our results from the 2nd Invasion experiment 
confirmed our results from the first ( data not shown). The results were not listed because 
they were nearly identical to those from experiment 1 (See Table 1 ). However, the 
control sample that was run in this experiment suggested that the number of surviving 
bacteria were not necessarily due to an invasion. The control samples were not allowed 
any time for invasion, and those samples produced comparable amounts of surviving 
bacteria. Furthermore, the surviving bacteria did not appear to withstand long periods 
within each sample after gentamicin treatment (Table 2). 
Table 2. Ability of Agrobacterium to survive with host cell. The Control in this experiment allowed 
incubation of the host cells and the bacterial cells for no more than 5 minutes. The average cell counts 
come from data obtained from 4 separate trials. The 4 hour survival time was not included due to an 
. I . h expenmenta mis ap. 
Macrophage Fibroblasts 
Invasion Time Survival Time Avg. bacterial count Avg. Bacterial Count 
0 0 74.5 42.3 
2 0 68.5 15.8 
2 1 50.25 37 
2 8 18.25 11 
2 24 6.5 7.75 
The data from the 2nd Invasion experiment did not suggest any bacterial invasion 
or bacterial survival within the host cell. 
3rd Invasion Experiment 
This experiment was conducted when our lab was able to obtain three 
Agrobacterium strains that were isolated from human patients suffering from an 
Agrobacterium-associated disease. These strains were able to grow quite readily a 37°C, 
which is unusual from plant pathogenic strains of Agrobacterium ( data not shown). We 
did not conduct a control for this experiment because we assumed that our control from 
the 2nd experiment could be used. Our results from this trial produced an uncountable 
amount of surviving bacteria (Table 3). 
Table 3. Ability of Agrobacterium strain from human patient to invade host cell. The plant strain 
refers to a plant-pathogenic strain and the "UCLA" precursor is part of the name because these human 
isolates were obtained from patients at a UCLA hospital. "Hundreds" of bacteria refers to much more than 
100 colonies, but much less than a lawn. "Thousands" of colonies refers to the highest amount of colonies 
'bl . h h . "l " fb . poss1 e wit out avmi awn o actena. 
Macrophages Fibroblasts 
2 hour 12 hour 2 hour 12 hour 
Plant Strain C58 Hundreds Thousands Hundreds Thousands 
UCLA654 Thousands Lawn Thousands Lawn 
UCLA 779 Hundreds Thousands Hundreds Thousands 
UCLA802 Thousands Lawn Thousands Lawn 
These results were so much a shock to us that we were not prepared to count 
them. Therefore, we made visible observations to determine which plates appeared to 
have comparable amounts of colonies. These results suggested to us that bacterial 
invasion may be occuring with the human isolates, and quite possibly with the plant-
pathogenic strain as well. 
lh Invasion Experiment 
The data from this experiment has not yet been obtained. We are hoping that this 
data will support the results that we obtained from the 3rd experiment. We also hope to 
be able to present a number of invading cells, as well as a percentage of invasion. 
Conclusions and Future Questions 
It has become accepted within the medical community that A. tumefaciens is a 
significant opportunistic human pathogen. Despite this data, no work has been done to 
investigate how Agrobacterium causes disease in humans. The fact that we were able to 
find DNA sequences that showed strong homology to invasion proteins has led us to our 
current experiment. In our 1st experiment, we were able to have Agrobacterium cells 
survive a protocol that should not be possible if the bacteria remain outside the host cell. 
However, our control from the first experiment did not successfully test whether or not 
the bacteria cells could be hiding in between host cells. Our 2
nd experiment provided an 
acceptable control that suggested that our data from the 1st experiment is not necessarily 
due to invasion. The control samples yielded very comparable numbers of surviving 
bacteria, and these samples never underwent an invasion period. The 2
nd experiment also 
suggested that the Agrobacterium cells are not able to survive within or outside of the 
host cell for extended periods of time (recall, during the survival period the surrounding 
media contained low levels of gentamicin). This data left us wondering ifthere was any 
reason for us to continue investigating the possibility of Agrobacterium invasion. 
Shortly after the 2nd experiment we received three Agrobacterium strains that had 
been isolated from human patients suffering from a septic disease resulting from a 
bacterial infection. Doctors at UCLA isolated this bacterium, identified it as 
Agrobacterium, and linked it to the cause of the patient's disease. They used mostly 
biochemical tests to identify these bacteria. They noted that these strains were extremely 
sensitive to gentamicin, which made them good candidates for the study we were 
currently conducting. We performed several biochemical tests of our own. These results 
showed that these strains contained some unique characteristics, but definitely could be 
categorized as Agrobacterium. Next, we performed some genomic analysis of the strains 
to confirm that they all had two chromosomes ( circular and a linear), and also compared 
some restrictions digests to some of our plant-pathogenic strains. The results suggested 
that these strains were indeed Agrobacterium. It was also observed that these strains 
could grow quite readily at 37°C, which is unique for Agrobacterium. This may suggest 
that these strains have evolved to grow within the mammalian body. All this data pushed 
us to investigate if these strains were capable of a more significant amount of invasion 
when compared with our plant-pathogenic strains. 
In the 3rd experiment, we were unprepared for the results that we obtained. The 
number of surviving bacteria was so great that we were unable to come up with an 
accurate count. Two human isolates, UCLA 654 and UCLA 802, produced a lawn of 
bacteria when they were allowed to invade for 12 hours. We used this longer incubation 
period because we knew that some bacteria can take up to 12 hours to invade. In 
addition, we saw much higher levels of survival among the plant-pathogenic strains 
(A348/C58) than we had in the previous two experiments. There are several factors that 
could have produced the results that we obtained. The first is that the strains from the 
human patients have adapted to survive within mammalian cells, and this produced the 
bacterial lawns that were observed. This is highly likely because these strains did show a 
much greater level ofinvasion than the C58 strain. However, the level of C58 invasion 
increased exponentially in this experiment, which cannot be explained by the new strains. 
A second explanation is that conducting the invasion experiment at optimum host cell 
conditions (37°C, 5% CO2) allowed for a higher level of invasion. It is possible that 
when we performed the invasion at 30°C in the first two experiments, the host cells were 
in such bad shape that they were unable to take in bacteria and protect them from 
gentamicin treatment. The host cells may have in fact died due to these conditions. This, 
in conjunction with the presence of new strains is our best feasible explanation. There is 
also a slight chance that the extracellular bacteria were not effectively killed during the 
gentamicin treatment. However, due to the high sensitivity of all the strains to 
gentamicin, this is an unlikely hypothesis. 
We are in the process of conducting a 4th experiment to confirm our results from 
the 3rd experiment. A control was not used in the 3rd experiment because we felt that the 
control performed in the 2nd invasion could be used in each test. Due to our unexpected 
results, we have decided to perform the control using the human isolate strains. Dilutions 
were also performed to obtain levels of invasion. Several sources suggest that one must 
observe a level of 10% survival in an experiment such as ours in order to claim that 
cellular invasion is occurring. We believe that this is definitely possible due to the results 
observed in the 3rd experiment. In the future, we hope to fix the host cells after the 
invasion period in order to observe the cells under electron microscopy. This would 
confirm that the results we have gathered are a result of a cellular invasion by an 
Agrobacterium strain. 
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